Human cytomegalovirus (HCMV) is a complex DNA virus with a 230-kb genome encoding 170 and up to 750 proteins. The upper limit of this coding capacity suggests the evolution of complex mechanisms to substantially increase the coding potential from the 230-kb genome. Our work examines the complexity of one gene, UL136, encoded within the ULb= region of the genome that is lost during serial passage of HCMV in cultured fibroblasts. UL136 is expressed as five protein isoforms. We mapped these isoforms and demonstrate that they originate from both a complex transcriptional profile and, possibly, the usage of multiple translation initiation sites. Intriguingly, the pUL136 isoforms exhibited distinct subcellular distributions with varying association with the Golgi apparatus. The subcellular localization of membrane-bound isoforms of UL136 differed between when they were expressed exogenously and when they were expressed in the context of viral infection, suggesting that the trafficking of these isoforms is mediated by infection-specific factors. While UL136, like most ULb= genes, was dispensable for replication in fibroblasts, the soluble 23-and 19-kDa isoforms suppressed virus replication. In CD34
H
uman cytomegalovirus (HCMV) is a betaherpesvirus that, like all herpesviruses, persists through a lifelong infection within its host. HCMV is ubiquitous within the human population, with a seroprevalence of 60 to 99% worldwide. Primary infection and subsequent reactivation in the immunocompetent host are generally asymptomatic. However, opportunistic infection or reactivation in the immunocompromised host, such as HIV/AIDS patients and stem cell or solid organ transplant patients, can be life threatening (1) (2) (3) . Further, infection in utero is the leading cause of infectious birth defects in the United States, affecting 1 in 150 infants born each year (4-7). The long-term health impacts of HCMV persistence are just beginning to be defined and include atherosclerosis, immune dysfunction, and frailty (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . The molecular mechanisms controlling persistence and latency remain obscure due to a lack of understanding of the viral and cellular related factors that contribute to multiple HCMV infection states, ranging from productive infection to latency.
The HCMV genome contains a 13-to 15-kb region, termed ULb=, that is present in all clinical isolates and low-passage-number strains of HCMV but selectively lost through serial passage of the virus through fibroblasts. The 20 putative open reading frames (ORFs) encoded within the ULb= region are considered nonessential for replication in fibroblasts, and therefore, the coding capacity and roles of ULb= ORFs in infection have been understudied (19) (20) (21) . As the ULb= region is conserved in clinical isolates, it has been hypothesized to play multiple important roles that support viral persistence within the host, including immune evasion, viral dissemination, and the establishment of a latent infection in cells other than fibroblasts.
We have previously defined the UL133/8 locus within the ULb= region to be important for viral infection in multiple cell types.
The UL133/8 locus coordinates expression of four genes, UL133, UL135, UL136, and UL138, each of which encodes membraneassociated proteins (22, 23) . The UL133/8 locus has been shown to be important for viral replication and maturation in endothelial cells, and both UL133 and UL138 are required for the establishment of latency in an in vitro CD34 ϩ cell culture model (22, 23) . UL138 increases the surface levels of the tumor necrosis factor alpha receptor (24, 25) and reduces the surface expression of multidrug resistance-associated protein 1 (26) , although the functional significance of cell surface modulation during infection remains unclear. We have also described antagonistic roles for UL135 and UL138 in infection in fibroblasts and CD34 ϩ hematopoietic progenitor cells (HPCs). UL135 and UL138 comprise a molecular switch whereby UL138 suppresses viral replication, while UL135 is important for viral replication when UL138 is expressed (27) . Recently, UL135 has been shown to associate with the cytoskeleton and reduce recognition by natural killer cells (28) . Defining the roles of the viral genes encoded within the UL133/8 locus is imperative to understanding how the locus contributes to viral persistence.
In the present study, we have characterized UL136 and investigated its role in infection. We and others previously reported that UL136 is expressed as multiple protein isoforms detected during HCMV infection (23, 29) . We have extended those studies to show that UL136 is expressed as five protein isoforms ranging in size from 33 to 19 kDa. The isoforms originate from a complex transcriptional profile, which permits the usage of multiple, canonical translation initiation sites (TISs) encoded within the UL136 ORF. Using a series of recombinant viruses that lack individual isoforms, we investigated the role of each isoform in infection. Intriguingly, our analyses indicate that some pUL136 isoforms suppress virus replication, while other isoforms likely promote virus replication. Our analyses further suggest that some pUL136 isoforms are required for the efficient establishment of latency in vitro. Our findings indicate that, like the UL133/8 locus itself, UL136 encodes protein isoforms that modulate the levels of virus replication and function to influence the outcome of the multiple infection states of the virus.
MATERIALS AND METHODS
Cells. Both human primary embryonic lung fibroblasts (MRC-5 cells; purchased from ATCC, Manassas, VA) and human embryonic kidney (HEK293T/17) cells (purchased from ATCC) were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 10 mM HEPES, 1 mM sodium pyruvate, 2 mM L-alanylglutamine, 0.1 mM nonessential amino acids, 100 U/ml penicillin, and 100 g/ml streptomycin. Human cord blood was obtained, using an Institutional Review Board-approved protocol, from donors at the University Medical Center at the University of Arizona. The specimens were deidentified and provided as completely anonymous samples. CD34 ϩ hematopoietic progenitor cells were isolated and cultured as previously described (23, 30) . Briefly, cells were cultured in MyeloCult H5100 medium (Stem Cell Technologies) and maintained in long-term coculture with the M2-10B4 and S1/S1 murine stromal cell lines (kind gifts from Stem Cell Technologies on behalf of D. Hogge, Terry Fox Laboratory, University of British Columbia, Vancouver, BC, Canada) (23, 30) . All cells were maintained at 37°C with 5% CO 2 .
Viruses. The HCMV TB40/E bacterial artificial chromosome (BAC) was engineered to express the green fluorescent protein (GFP) as a marker of infection (23, 31) . To engineer recombinant viruses, an intermediate ⌬UL136ϽGalKϾ BAC was created by amplifying the GalK cassette with primers flanked by homologous viral sequences 5= and 3= of the UL136 ORF and recombined into the BAC. The construction of the UL136 myc and ⌬UL136ϽGalKϾ BACs was described previously (23) .
All recombinant viruses were created using a two-step, positive/negative selection approach that leaves no trace of the recombination process (22) . UL136⌬33-kDa myc was created by PCR amplifying the UL136 sequence from the wild-type BAC using primers with the desired mutations to substitute stop codons for methionine codons at positions 1, 8, and 11 of the pUL136 sequence. UL136⌬23-/19-kDa myc was created by PCR amplifying the mutated UL136 sequence from a plasmid that had previously been altered using site-directed mutagenesis, where the methionine codons at positions 100 and 128 were replaced by alanine codons. These PCR products were recombined into the BAC as described previously (22) . To engineer UL136⌬26-kDa myc , UL136⌬25-kDa myc , UL136p33-kDa myc , UL136p26-kDa myc , UL136p25-kDa myc , UL136p23-/19-kDa myc , UL136null myc , and UL136null_2 myc , a shuttle vector was created using viral sequences from the UL136 myc BAC. A region of the UL136 myc or mutant BAC was PCR amplified from bp 854 of UL135 [UL135(bp854)] to UL138(bp139), A tailed with Klenow fragment (NEB), and TA cloned into the pGEM-T Easy vector (Promega). Specific methionine codons in UL136 were replaced by either stop or alanine codons using serial sitedirected Phusion mutagenesis according to the manufacturer's instruction (NEB). Methionine codons 1, 8, and 11 were mutated to stop codons, while methionine codons at positions 63, 78, 80, 100, 128, 147, 160, and 211 were mutated to alanine codons in the various recombinant BACs. Mutations were confirmed via sequencing of the mutagenized pGEM-T Easy plasmids and then PCR amplified from the plasmid using UL135(bp854) forward and UL138(bp139) reverse primers and recombined into the ⌬UL136ϽGalKϾ BAC. BAC integrity was tested by enzyme digest fragment analysis and sequencing of the UL133/8 viral genomic region.
All oligonucleotide primers used to engineer recombinant viruses are described in Table 1 . All BAC genomes were maintained in Escherichia coli SW102, and viral stocks were propagated by transfecting 15 to 20 g of each BAC genome, along with 2 g of a plasmid encoding UL82 (pp71), into 5 ϫ 10 6 MRC-5 fibroblasts and subsequently purified and stored as previously described (22) . Virus titers were determined by measurement of the 50% tissue culture infectious dose (TCID 50 ) on MRC-5 fibroblasts.
RACE. MRC-5 fibroblasts were infected with the TB40/E wild type at a multiplicity of infection (MOI) of 2. At 72 h postinfection (hpi), total RNA was isolated, DNase treated, and purified using a NucleoSpin RNA-II kit (Macherey-Nagel). The 5= and 3= ends of the UL136 transcripts were mapped using RNA ligase-mediated (RLM) rapid amplification of cDNA ends (RACE) (Life Technologies), which ensures the amplification of transcripts with a 5= cap. Two hundred nanograms of processed RNA was primed with random decamers [(N)10] and reverse transcribed at 55°C for 60 min using SuperScript III reverse transcriptase (Life Technologies) according to the manufacturer's guidelines. The 5= ends were amplified with a nested PCR using gene-specific primers and Phusion polymerase with GC buffer, 5% dimethyl sulfoxide (DMSO), 1% formamide, and 400 nM primers. The primers are described in Table 1 . Cycling conditions for both the outer and inner PCRs were 98°C for 1 min, followed by 30 cycles of 98°C for 15 s, 68.2°C (Ϫ0.1°C per cycle) for 30 s, and 72°C for 60 s and then a final extension at 72°C for 5 min. To map the 3= ends of the transcripts, RNA was primed with a poly(T) primer (dT) and reverse transcribed at 42°C for 60 min using SuperScript III reverse transcriptase according to the manufacturer's guidelines. The 3= ends of the transcripts were amplified using nested PCR and gene-specific primers with the following conditions for both the outer and inner PCRs: 98°C for 1 min and 30 cycles of 98°C for 12 s, 63°C for 30 s, and 72°C for 2 min, followed by a final extension of 5 min. All RLM-RACE products were gel purified, A tailed with Klenow fragment (NEB), cloned into the pGEM-T Easy vector (Promega), and sequenced.
Plasmids and lentiviral constructs. The oligonucleotide primers used to generate expression plasmids are described in Table 1 . To generate expression plasmids expressing the UL136 transcripts, primers specific to the 5= and 3= ends of each transcript were used to amplify the transcript from the UL136 myc BAC. DNA was utilized as the template, as no mRNA splice sites were identified in the RACE analysis. The resulting PCR amplicons were cloned, using EcoRV and AsiSI enzyme sites, into a previously described pCIG plasmid lacking the woodchuck hepatitis virus posttranscriptional regulatory element (WPRE), internal ribosome entry site (IRES), and GFP cassettes for transcript stability (32) . The resulting plasmids were sequenced and maintained in E. coli DH10B. The generation of pCIG-UL136 myc has been described previously (23) . This plasmid was serially site-directed Phusion mutagenized as described above to substitute methionine codons at positions 63, 78, 80, 100, and 128 for alanine codons to yield pCIG-UL136_33-kDa myc . To create pCIG-UL136_26-kDa SII , pCIG-UL136_25-kDa FLAG , pCIG-UL136_23-kDa HA , and pCIG-UL136_19-kDa EE , 5= primers specific to each mapped TIS and 3= primers specific to the C terminus of UL136, which were flanked by enzyme sites (5= and 3=) and unique epitope tags (3=), were used to amplify the desired , and 128) were serially converted to alanine codons using site-directed Phusion mutagenesis as described above. The resulting plasmids were sequenced for confirmation of the presence of the desired mutations and the absence of any undesired mutations. All pCIG plasmids were maintained in E. coli DH10B. To create lentiviral vectors, the plasmids were cotransfected with pLP1, pLP2, and pVSVG plasmids (Invitrogen, CA) at a 2:1:1:1 ratio into HEK293T/17 cells (ATCC) using polyethylenimine (PEI). Culture supernatants were harvested at 48 hpi and concentrated at 17,000 rpm in an SW28 rotor for 2 h at 4°C. Pellets were resuspended in Iscove's modified DMEM with 2% bovine serum albumin. Lentivirus titers on MRC-5 fibroblasts were determined using fluorescence-activated cell sorting (FACS) quantification of the GFP produced by the IRES encoded within pCIG.
Immunoblotting. Immunoblotting was performed as previously described (22, 23) . Briefly, 20 to 50 g of protein lysate was separated on 12% bis-Tris gels by electrophoresis and transferred to 0.45-m-pore-size polyvinylidene difluoride (Immobilon-FL; Millipore) membranes. Proteins were detected using epitope-or protein-specific antibodies and fluorescently conjugated secondary antibodies using an Odyssey infrared imaging system (Li-Cor). All antibodies used are described in Table 2 . Where indicated, cells were treated with 50 to 100 g of phosphonoacetic acid (PAA), 1 to 50 M MG132, 20 to 50 mM ammonium chloride (NH 4 Cl), or vehicle control.
Indirect immunofluorescence. Immunofluorescence to localize viral and cellular proteins in lentiviral transduction and HCMV infection was performed as described previously (22) . Briefly, MRC-5 fibroblasts were seeded onto coverslips 24 h prior to lentivirus transduction or infection (2 ϫ 10 4 cells/well in 24-well plates). Cells were transduced with lentivirus or infected with HCMV at an MOI of 2 for 72 h. Prior to processing, lentivirus-transduced cells were treated with either DMSO (vehicle control) or cycloheximide (CHX) at a concentration of 50 g/ml and MG132 at a concentration of 25 M for 2.5 h. Cells were fixed in 2 to 4% paraformaldehyde in phosphate-buffered saline and stained with the antibodies described in Table 2 . The nucleus was stained with 1 g/ml DAPI (4=,6-diamidino-2-phenylindole), and GM130 was used as a Golgi apparatus marker. Cells were visualized using a Zeiss 510 Meta confocal microscope (Carl Zeiss Microimaging, Inc.).
Quantification of infectious virus.
Infectious virus production was determined by infecting MRC-5 fibroblasts at an MOI of 0.02 and collecting cells and medium over a 16-day infection time course. Virus titers were determined by measurement of the TCID 50 in MRC-5 fibroblasts.
Infectious centers assay. CD34 ϩ HPCs, isolated from human cord blood, were used to assess the latency and reactivation of HCMV in vitro as previously described (23, 30) . Briefly, CD34
ϩ HPCs were infected at an MOI of 2 for 20 h, after which a pure population (Ͼ97%) of infected (GFP-positive [GFP ϩ ]) CD34 ϩ cells was isolated via FACS (FACSAria; BD Biosciences Immunocytometry Systems, San Jose, CA) using a phycoerythrin-conjugated CD34-specific antibody (BD Biosciences). These cells were cultured in transwells above irradiated (4,000 rads;
137 Cs gammacell-40 irradiator type B; Atomic Energy of Canada Ltd., Ottawa, ON, Canada) M2-10B4 and S1/S1 stromal cells for 10 days. The frequency of production of infectious centers was measured using an extreme limiting dilution assay as described previously (23, 30) . The frequency of infectious centers, based on the number of GFP ϩ cells at 14 days postinfection, was calculated using extreme limiting dilution analysis (ELDA) software (http://bioinf.wehi.edu.au/software/elda/) (33) .
RESULTS

UL136 is expressed as multiple protein isoforms.
We and others previously demonstrated that UL136 is expressed as multiple protein isoforms during HCMV infection by use of a polyclonal antiserum and an engineered virus, TB40/E UL136 myc , expressing an in-frame, C-terminal Myc epitope tag fused to the UL136 ORF (23, 29, 32) . We analyzed the protein expression of UL136 over a time course of infection with the TB40/E UL136 myc virus in fibroblasts. Five distinct bands representing UL136 isoforms ranging in size from 33 to 19 kDa were detected (Fig. 1) . The molecular mass of the pUL136 isoforms including the myc epitope tag was determined using Li-Cor Odyssey software. Annotations of the fulllength protein encoded by UL136, pUL136, would predict a 27-kDa protein (not including a myc epitope tag). We previously reported the largest pUL136 isoform to be 37 kDa (23); however, more precise analysis estimates the molecular mass to be 33 kDa. We detected protein isoforms that we had not previously detected using a polyclonal pUL136 antibody that only weakly detects pUL136 in infection (32) or in UL136 myc virus infection, where we detected three distinct isoforms (23) . The sensitivity of pUL136 isoforms to mechanical stresses and freeze-thaw may explain previous difficulties with the detection of all five isoforms (data not shown). Accumulation of the pUL136 isoform differed over the time course of infection (Fig. 1) . The 26-and 25-kDa isoforms accumulated first at between 6 and 12 hpi and were expressed throughout the time course of infection. The 33-, 23-, and 19-kDa isoforms accumulated later, at 12 to 24 hpi, and their expression declined sharply by 96 and 144 hpi. The isoforms also accumulated to different levels; most notably, the 23-kDa isoform was the hardest to detect and consistently accumulated to a much lower level than the other isoforms. Further work is required to understand how rates of expression or turnover contribute to the steady-state levels and expression kinetics of the isoforms.
pUL136 isoforms are expressed with early-to-late kinetics. We have previously shown that the UL133/8 transcripts are expressed with early kinetics, where the accumulation of transcripts is mildly inhibited by inhibitors of viral DNA synthesis (22) . The pUL135 and pUL138 proteins, both of which are encoded within the UL133/8 locus, are expressed with early kinetics (Fig. 2 and data not shown). To characterize the kinetics of pUL136, we examined protein expression over a time course from 6 to 72 hpi. Infected fibroblasts were treated with phosphonoacetic acid (PAA) or a vehicle control at the time of infection (Fig. 2) to selectively inhibit HCMV genome synthesis (34) . Early viral proteins are synthesized prior to the onset of viral genome synthesis, and their accumulation is insensitive to PAA, while the expression of early-to-late or late viral proteins is dramatically hindered when viral genome synthesis is blocked (35, 36) . pUL136 isoforms began to accumulate at 12 hpi in the presence or absence of PAA (Fig. 2) . Unexpectedly, pUL136 isoform accumulation was severely diminished in the presence of PAA beginning at 24 hpi. In contrast, accumulation of pUL135 was unaffected. Interestingly, the 26-kDa isoform was less affected by PAA treatment than the other isoforms. Both the 33-and 19-kDa isoforms were more abundantly expressed than the 26-kDa isoform, yet they were more severely diminished by PAA treatment than the 26-kDa isoform. The IE1 and IE2 immediate early (IE) proteins and the late protein pp28 were monitored as controls. IE1 and IE2 accumulation was unaffected by PAA treatment during early time points; however, late amplification of IE2 was dependent on efficient viral DNA replication, as previously reported (37) . As expected, the accumulation of pp28 was suppressed in the absence of DNA synthesis (38, 39) . These data suggest that, in contrast to other proteins expressed from the UL133/8 locus, pUL136 is expressed with early-to-late kinetics. Further, these data suggest that the regulation of UL136 expression is complex.
The UL133/8 locus encodes multiple UL136 transcripts. We were intrigued by the unexpected requirement of viral genome synthesis for the accumulation of pUL136 late in infection. As we have been unable to detect expression of the larger pUL136 isoforms (the 33-, 26-, and 25-kDa isoforms) from the UL133/8 transcripts that we previously mapped (32), we reasoned that the transcriptional profile of the UL133/8 locus may be more complex than was previously appreciated. Given the unique requirement for viral genome synthesis for efficient accumulation of pUL136 isoforms, we hypothesized that transcripts encoding these isoforms might be expressed at or accumulate to higher levels after the onset of viral genome synthesis. To address this possibility, we analyzed the UL136-specific transcripts expressed late in infection by 5= RNA ligase-mediated (RLM) rapid amplification of cDNA ends (RACE) (Fig. 3A) . This approach to 5= RACE ensures that only transcripts containing a 5= cap are captured for sequencing. This analysis revealed the existence of six transcripts that were not previously detected at 24 hpi (32). The 5= ends of the six transcripts are located just upstream of multiple methionine codons within UL136 that could serve as canonical translation initiation sites (TISs). All six of these transcripts are 3= coterminal with the UL133/8 transcripts that we previously reported, terminating downstream of UL138 (Fig. 3A) (22, 32 Table 2 . A monoclonal antibody to ␣-tubulin was used as a loading control.
cells, and the resulting proteins were examined (Fig. 3B) . Interestingly, each transcript gave rise to multiple proteins that correspond in size to the sizes of the pUL136 isoforms observed in infection (Fig. 3B, lanes 2 and 3 to 8 ). These data suggest the pUL136 isoforms are expressed from multiple transcripts with unique 5= ends, with the 5=-most AUG likely serving as the primary TIS for each isoform. However, as smaller isoforms were detected at lower levels than the primary protein product following transfection of most cDNA constructs, we speculate that expression of the pUL136 isoforms may also be the result of leaky scanning or alternative initiating-codon usage.
Mapping the UL136 isoforms in the context of infection. To definitively map the TIS for each pUL136 isoform in the context of viral infection, we replaced putative start codons within UL136 with either stop or alanine codons in the viral genome cloned as a BAC using a two-step method that leaves no trace of the recombination. To map the 33-kDa isoform in HCMV infection, we engineered a recombinant HCMV where the three 5= methionine codons at positions 1, 8, and 11 in the protein-coding sequence were converted to stop codons, UL136⌬33-kDa myc HCMV (Fig.  4A ). Fibroblasts infected with the UL136⌬33-kDa myc virus failed to express the 33-kDa isoform but expressed all smaller isoforms (Fig. 4B, lane 3) . At least two of the three 5=-most methionine codons (at positions 1, 8, and 11) were used as TISs for the 33-kDa isoform, as conversion of simply the first methionine codon to a stop codon only partially reduced the expression of the 33-kDa isoform (data not shown). To map the 26-and 25-kDa isoforms, we created two recombinant viruses by converting methionine codons at positions 63 and 78/80 to alanine codons to create the UL136⌬26-kDa myc and UL136⌬25-kDa myc viruses, respectively (Fig. 4A ). Fibroblasts infected with the UL136⌬26-kDa myc or UL136⌬25-kDa myc virus failed to express the 26-and 25-kDa isoforms, respectively (Fig. 4B, lanes 4 and 5) , but expressed all other isoforms. We previously defined a transcript with a 5= end initiating upstream of the methionine codon at position 100 within UL136 which supports expression of the 23-and 19-kDa pUL136 isoforms (32) . To verify the origin of the smaller pUL136 isoforms, we converted the methionine codons at positions 100 and 128 to alanine in the viral genome to create the UL136⌬23-/19-kDa myc virus (Fig. 4A ). Fibroblasts infected with the UL136⌬23-/ 19-kDa myc virus failed to express the 23-or 19-kDa isoform (Fig.  4B, lane 6) . Individual expression plasmids where methionine codons at position 100 or 128 were converted to alanine codons failed to express the 23-or 19-kDa isoform, respectively (data not shown). These data suggest the 23-and 19-kDa isoforms have unique TISs. We have not yet created viruses to distinguish the 23-and 19-kDa isoforms because both of these isoforms lack the pUL136 putative transmembrane domain (TM) and are soluble HEK293T/17 cells were mock transfected or transfected with expression constructs expressing the cDNA of the indicated 5= RACE products. These expression constructs have been engineered to express a C-terminal Myc epitope tag fused to UL136. Fibroblasts infected with the UL136 myc virus were used as a positive control for pUL136 isoform expression (lane 2). Cells were harvested at 48 hpi, and lysates were immunoblotted with antibodies specific to the Myc epitope tag. A monoclonal antibody to ␣-tubulin was used as a loading control.
(data not shown) (23) and the 23-kDa isoform is typically expressed at very low levels during infection. As expected, a mutant virus disrupting all eight of the mapped translational start sites described above, the UL136null myc virus, is null for expression of all pUL136 isoforms ( Fig. 4A and B, lane 7) . Each of the recombinant UL136 viruses expressed wild-type levels of immediate early (IE1 and IE2), early (pUL44), and late (pp28) viral proteins, indicating that there are no major defects in viral gene expression in fibroblasts when one or all UL136 isoforms are disrupted. UL136 encodes three additional methionine codons corresponding to amino acids at positions 147, 160, and 211. Further, transfection of the 1,261-kb transcript (Fig. 3A) into HEK293T/17 cells resulted in weak expression of a 17-kDa pUL136 isoform (Fig. 3B, lane 8) . We have not previously detected this isoform in the context of infection in fibroblasts (Fig. 1) . To further investigate these pUL136 isoforms in the context of infection, we infected cells with the UL136 myc or UL136null myc virus and treated the cells with MG132 and ammonium chloride (NH 4 Cl), potent inhibitors of the cellular proteasome and lysosome, respectively. Inhibition of the proteasome and lysosome increased the accumulation of all pUL136 isoforms. However, no isoforms smaller than 19 kDa were detected (Fig. 4C) . We further engineered an additional UL136-null virus (UL136null_2 myc ) in which alanine codons are substituted for the methionine codons at positions 147, 160, and 211 in addition to the methionine codon substitutions in the UL136null myc virus (Fig. 4A ). Fibroblasts infected with these two UL136-null viruses showed no difference in pUL136 expression and immediate early (IE1 and IE2), early (UL44), or late (pp28) viral gene expression (Fig. 4D) . Taken together, we have no evidence that isoforms smaller than the 19-kDa isoform are expressed in the context of infection in fibroblasts. The 17-kDa product detected (Fig. 3B ) may be an artifact of exogenous overexpression. However, we cannot rule out the possibility that a 17-kDa isoform may be expressed in other contexts of infection.
pUL136 isoforms have distinct localization and trafficking patterns within the cell. The presence of five isoforms of UL136 created from multiple transcripts and TISs within the coding sequence reveals an intriguing complexity to UL136 expression. We hypothesized from these results that the pUL136 isoforms represent distinct proteins that may have unique, yet related functions in the cell. To begin to understand the differences in these protein isoforms, we analyzed the subcellular localization of each isoform. To do this, we first created a series of lentiviral constructs that each expresses a single isoform fused to a unique carboxy-terminal epitope tag (Fig. 5A) . To ensure that each lentivirus could express only one isoform, we created amino-terminal truncations to match the mapped TIS of each isoform and converted all remaining downstream methionine codons to alanine codons in each construct, which resulted in expression of only a single isoform (Fig. 5B) .
We expressed each of these constructs in fibroblasts and localized the isoforms by indirect immunofluorescence using antibodies specific to each epitope tag (Fig. 5C) . We have previously determined that each of the UL133/8 proteins, including pUL136, associates to some extent with the Golgi apparatus during infection (22, 23) . Therefore, we examined the Golgi apparatus association of each pUL136 isoform using GM130 as a Golgi apparatus marker. The distinct subcellular localization of UL136 isoforms and their varying degrees of association with the Golgi apparatus was of interest. UL136 myc (which potentially expresses all isoforms) was broadly distributed throughout the cytoplasm. The 33-and 25-kDa isoforms localized predominantly at the Golgi apparatus; however, the 26-kDa isoform retained a Golgi apparatus association while exhibiting a broader, punctate distribution throughout the cytoplasm and at the plasma membrane. Both the soluble 23-and 19-kDa isoforms, which lack a putative TM (Fig.  5A) , were diffusely distributed throughout the cytoplasm. Results for controls for each of the antibodies specific to the epitope tags used are shown (Fig. 5D) .
The differential distribution of pUL136 isoforms and their localization in the secretory pathway suggest that these proteins may traffic. To assess trafficking, we treated transduced cells with cycloheximide (CHX) to clear the biosynthetic pathway prior to fixation and processing for indirect immunofluorescence. We also treated the cells with MG132 to inhibit the proteasome and promote the accumulation of the isoforms to detectable levels (Fig.  5C , ϩCHX Merge column). In this column, only the merge of all three channels is shown. While the Golgi apparatus showed some staining for both the 33-and 25-kDa isoforms, the cytoplasm also exhibited increased punctate staining for these isoforms, suggesting that these isoforms traffic out of the Golgi apparatus. The 26-kDa isoform retained a cytoplasmic localization, but a striking loss of staining for this isoform was exhibited at the Golgi apparatus. As expected, the cytoplasmic distribution of the 23-and 19-kDa isoforms was not altered by CHX treatment. Together, these data indicate that the pUL136 isoforms traffic and may function in the secretory pathway.
We next wanted to analyze the localization of the pUL136 isoforms in the context of infection and determine if their subcellular distribution was affected by viral factors. To address this question, we engineered a series of recombinant viruses expressing a single UL136 isoform by disrupting all TISs except those specific to each isoform (Fig. 6A) . We examined pUL136 protein expression, as well as immediate early (IE1 and IE2), early (pUL44), and late (pp28) viral protein expression, to confirm that each virus expressed only a single isoform and there were no major defects in viral gene expression (Fig. 6B) . At 72 hpi, each pUL136 isoform was localized in fibroblasts by indirect immunofluorescence (Fig.  6C) . pUL136 isoforms expressed together during infection with the UL136 myc virus were distributed throughout the cytoplasm and localized with the Golgi apparatus. The localization with the Golgi apparatus marker GM130 further indicates that pUL136 is localized within the perinuclear viral assembly compartment (40, 41) . In the context of infection with viruses expressing only a single isoform, each individual pUL136 isoform also exhibited an association with the Golgi apparatus. However, the 33-and 26-kDa isoforms exhibited a higher degree of punctate cytoplasmic staining than lentivirus transduction, indicating an altered distribution or increased trafficking out of the Golgi apparatus during infection. Interestingly, the 26-kDa isoform localized near the Golgi apparatus, but staining was mutually exclusive with GM130, suggesting that the 26-kDa isoform may colocalize with other components of the Golgi apparatus or viral assembly compartment. The 23-and 19-kDa isoforms appeared diffusely distributed throughout the cell, consistent with their localization outside the context of infection. These data indicate that the pUL136 isoforms exhibit a distinct subcellular localization in the context of infection and that their distribution or trafficking may be affected by infection-specific factors. It should be noted that the localization of pUL136 to the viral assembly compartment is not due to antibody binding to the HCMV Fc receptor, which also localizes to the assembly compartment. Cells infected with UL136null myc , which expresses none of the pUL136 isoforms but would express the HCMV Fc receptor, is devoid of any staining for the Myc epitope tag (Fig. 6C) . Further, the localization of these protein is identical in cells, determined using both mouse and rabbit antibodies.
The pUL136 isoforms impact viral replication and latency. In order to define the potential role of each pUL136 isoform in HCMV infection, we examined the production of infectious virus over time through the use of multistep viral replication curves (Fig. 7) . Fibroblasts were infected at a low MOI (0.02), cells and media were harvested over time, and the infectious virus titer was determined by measurement of the TCID 50 . As expected for a ULb= ORF, two viruses null for expression of UL136 replicated with kinetics similar to that of the wild-type virus or the parental UL136 myc virus (Fig. 7A) . These results suggest that UL136 is dispensable for replication in fibroblasts. The UL136⌬33-kDa myc , UL136⌬26-kDa myc , and UL136⌬25-kDa myc viruses also replicated similarly to the UL136 myc virus in fibroblasts (Fig. 7B) . However, we were surprised to discover that the UL136⌬23-/19-kDa myc virus replicated with up to a 20-fold advantage compared to the level of replication of the UL136 myc virus. This result indicates that the soluble pUL136 isoforms suppress viral replication in fibroblasts (Fig. 7B) . Because the UL136null myc virus did not exhibit a replication advantage comparable to that of the UL136⌬23-/19kDa myc virus, we postulate that other isoforms may promote virus replication, such that the loss of both suppressing and promoting isoforms results in a null effect. Further, as viruses lacking the 33-, 26-, or 25-kDa isoform did not have growth defects, we hypothesize that isoforms function together to promote virus replication. While our data indicate unique functions of UL136 isoforms in infection, further work is required to understand how the interplay of the pUL136 isoforms impacts viral replication.
We have previously demonstrated that disruption of either UL133 or UL138 leads to an approximately 5-fold replication advantage in fibroblasts and this increase in replication is amplified in CD34
ϩ HPCs, such that viruses lacking UL133 or UL138 fail to establish or maintain latency (22, 23, 42 was engineered to express a single isoform fused to a unique epitope tag, as denoted in the white arrowhead (SII, Strep-tag II; HA, hemagglutinin). N-terminal truncations of UL136 were made to induce the expression of each isoform, as mapped in Fig. 4A , and the remaining mapped downstream methionine (M) codons were converted to alanine (A) codons to ensure expression of only a single isoform. (B) Expression of single UL136 isoforms from lentiviral constructs. MRC-5 cells were either mock transduced or transduced with the indicated lentiviral construct at an MOI of 2. Cells were harvested at 72 hpi, and lysates were immunoblotted with antibodies specific to each epitope tag or ␣-tubulin, as described in Table 2 . LV, lentivirus. (C) Localization of UL136 isoforms outside the context of infection. MRC-5 cells were transduced with the indicated lentiviral vector at an MOI of 2. At 72 hpi, the cells were treated with a vehicle control (Merge column) or cycloheximide (CHX) and MG132 (ϩCHX Merge column) for 2.5 h prior to processing. The UL136 proteins were localized by indirect immunofluorescence using antibodies specific to each epitope tag or a Golgi apparatus marker, GM130. DAPI staining marks the nuclei. The antibodies are described in Table 2 MRC-5 cells were mock infected or infected at an MOI of 2 with the indicated viruses. Cells were harvested at 72 hpi, and lysates were immunoblotted with antibodies specific to each protein or the Myc epitope tag, as described in Table 2 . A monoclonal antibody to ␣-tubulin was used as a loading control. (C) Localization of individual UL136 isoforms in the context of infection. MRC-5 cells were either mock infected or infected at an MOI of 3. At 72 hpi, the UL136 proteins were localized by indirect immunofluorescence using an antibody specific to the Myc epitope tag or a Golgi apparatus marker, GM130. DAPI staining marks the nuclei. The antibodies are described in Table 2. 20 days later. The results of the average of two independent experiments are shown (Fig. 8) . Relative to the frequency in the prereactivation control, the frequency of infectious center production in both the wild-type and the parental UL136 myc viruses increased 2-to 4-fold following reactivation (Fig. 8) . These data reflect the typical latency phenotype expected for wild-type HCMV infection (23) . In contrast, the UL136⌬23-/19-kDa myc virus replicated with a striking increase in the production of infectious centers following reactivation and prior to reactivation. Compared to the wildtype or UL136 myc virus, the frequency of infectious centers formed by the UL136⌬23-/19-kDa myc virus in the prereactiavtion control was 4.5-fold (Ϯ0.63-fold over two experiments) greater. The amount of infectious centers produced as a result of reactivation increased 2.5-fold (Ϯ1.6-fold) in UL136⌬23-/19-kDa myc virus infection relative to that achieved with wild-type or UL136 myc virus infection. The ratio between the preactivation and reactivation samples for each experiment with the UL136⌬23-/19-kDa myc virus was 1, suggesting that this virus fails to establish or maintain a latent infection. Therefore, similar to UL133 and UL138, the 23-and 19-kDa isoforms suppressed viral replication to favor latency in CD34 ϩ HPCs. Interestingly, the UL136null myc virus replicated more like the wild-type and parental UL136 myc viruses, with an ϳ3-fold increase in the frequency of infectious centers being detected after reactivation. Between the two experiments, UL136null myc virus infection resulted in 2.2-fold and 3.3-fold increases in infectious centers in the reactivation compared to the prereactivation controls. Together, these data suggest that, similar to the findings in fibroblasts, a combination of pUL136 isoforms likely promotes replication in the absence of the suppressive 23-and 19-kDa isoforms in CD34 ϩ HPCs.
DISCUSSION
Recent studies have demonstrated a striking complexity in the coding capacity of HCMV that was not appreciated by previous annotations of the viral genome (20, 21, 43, 44) . UL136, encoded within the ULb= region, is a particularly complex gene, encoding at least 5 protein isoforms created from multiple, overlapping transcripts and the usage of multiple TISs. Our work represents the first mapping of the pUL136 isoforms during HCMV infection. Further, we demonstrate the ability of the soluble 23-and 19-kDa isoforms to suppress virus replication in fibroblasts and in the context of latency in CD34 ϩ HPCs. This work lays the foundation for understanding both complex transcriptional and translational mechanisms governing the expression of protein isoforms, as well as the novel interplay between protein isoforms that ultimately functions to balance virus replication.
Substantial recent evidence suggests that a much richer transcriptome exists for both mammalian and viral genomes than was previously appreciated (45) (46) (47) (48) . In fact, genome-wide studies in mammalian cells show that the majority of eukaryotic promoters have multiple transcription start sites (TSSs) and that almost half (49.6%) of eukaryotic transcripts have multiple TISs (49, 50) . In both HCMV and Kaposi's sarcoma-associated herpesvirus (KSHV), ribosomal profiling has dramatically increased the estimates of viral coding capacity from both transcriptional and translational mechanisms (44, (46) (47) (48) . Further, examples of multiple proteins originating from a single gene using multiple TISs in herpesviruses have recently been reported (27, (51) (52) (53) (54) (55) , although in most cases the complexities of the transcription units were not evaluated. As most of these examples indicate that 2 to 3 TISs are encoded within a single ORF, the finding that UL136 encodes more than 6 is intriguing. Both complex transcriptional profiles and the usage of multiple translation start sites encoded within a HPCs were infected at an MOI of 2 with the indicated virus and sorted by FACS to isolate pure, infected populations. HPCs were maintained in LTBMC over stromal cell support for 10 days. Subsequently, HPCs were cocultured with an MRC-5 cell monolayer (reactivation). In parallel, lysates from an equal number of HPCs were plated with an MRC-5 cell monolayer (prereactivation). Fourteen days later, 96-well dishes were scored for GFP ϩ wells, and the frequency of infectious centers was determined using ELDA software. Data are averages from two independent experiments. WT, wild type. single ORF, like UL136, play a meaningful role in bolstering viral coding capacity.
The complex transcriptional profile of UL136 indicates that transcriptional complexity in this region of the viral genome has been underappreciated. We previously reported that the 33-, 26-, and 25-kDa isoforms were not expressed from any transcripts that we had mapped for the UL133/8 locus (32) . Because UL136 is expressed with later kinetics than other proteins encoded within the UL133/8 locus (Fig. 2) , we analyzed the transcripts synthesized from this region later in infection. In the context of HCMV infection, we identified six transcripts with unique 5= ends that encode the five UL136 protein isoforms (Fig. 3) . While we have not yet defined the promoters regulating the transcription of UL136, we speculate that they function as broad promoters. Broad promoters generally have multiple TSSs that span up to ϳ100 nucleotides, while single peak promoters initiate at only a very limited number of nucleotides (ϳ4 nucleotides) with a single predominant TSS (49) . Our RACE data revealed the existence of multiple 5= ends for each transcript, indicating the usage of multiple TSSs spreading over a considerable range of nucleotides (data not shown), fitting with the broad promoter class. These data further suggest the possibility that some UL136 transcripts may share a single promoter, as their 5= ends could fall within the TSS range of a broad promoter. However, it is also likely that there are multiple unique promoters regulating UL136 expression, allowing independent transcriptional regulation of UL136 isoforms. Interestingly, the pUL136 isoforms accumulated differentially over a time course of infection and had distinctive dependencies on viral DNA synthesis ( Fig. 1 and 2 ). Taken together, these data suggest that the UL136 transcripts may be independently and temporally regulated, as has recently been detected for other HCMV loci (44) . More work is needed to understand the complex transcriptional regulation of both UL136 and the UL133/8 locus.
The efficient translation of UL136 isoforms is likely as complex as its transcription. We speculate that secondary structure and leaky scanning may play a role in the expression of UL136, as multiple pUL136 isoforms can be expressed from UL136 transcripts (Fig. 3B) . We have previously defined an internal ribosome entry site (IRES)-like element in the 3.6-and 2.7-kb transcripts of the UL133/8 locus which has been shown to support the efficient translation of pUL138 (32) . This IRES-like element, which results in a high level of predicted secondary structure, overlaps the 5= end of the UL136 gene region and could serve to recruit translational machinery for the efficient expression of the pUL136 isoforms (56) . In traditional ribosomal scanning, the 40S subunit enters the transcript at the 5= m7G cap and migrates through the 5= untranslated region until it finds an AUG (methionine codon), preferably in the context of a Kozak sequence (GCCRCCaugG; lowercase nucleotides indicate the TIS), where the 60S ribosomal subunit joins and translation begins (57, 58) . In the case of leaky scanning, a subset of 40S ribosomes reads through the AUG sequences and instead initiates translation at downstream sites (59, 60) . Most often, leaky scanning is a result of the upstream AUG sequences lacking the Kozak context, while the downstream AUG sequences have a Kozak context (61) . Interestingly, only the AUG codons functioning as TISs for expression of the 25-and 19-kDa isoforms are in the context of a Kozak sequence. Fitting with this theory, disruption of the methionine codons at position 78/80 leads to an increase in the accumulation of the 23-kDa isoform (Fig. 4B , lanes 2 and 5), which is a result reminiscent of classical leaky scanning experiments (61) .
The pUL136 isoforms exhibited striking differences in their subcellular localization and trafficking through cellular secretory pathways (Fig. 5 to 6 ). The differences in localization within the Golgi apparatus and at the cell surface are intriguing, given the small differences in primary protein sequence. No known trafficking motifs have been identified in pUL136, suggesting that novel motifs or posttranslational modifications may play a role in the pUL136 isoform distribution. As localization differed between exogenously expressed protein and that expressed in the context of viral infection, localization or trafficking is likely affected by viral factors or host factors induced by infection. Differential localization within the cell may allow the pUL136 isoforms to have unique functions throughout the cell, as has been suggested for other viral protein isoforms (51-53, 62, 63) . In support of our observation, it was recently reported that pUL136 has been detected in the plasma membrane of infected cells, although the specific isoforms detected and their roles at the plasma membrane remain unclear (64) .
In support of the hypothesis that the pUL136 isoforms have different roles in HCMV infection, viruses disrupting expression of the two soluble (23-and 19-kDa) isoforms exhibited a replication advantage in fibroblasts, while the UL136null myc virus did not have a replication advantage. This result indicates that at least one other isoform promotes replication (Fig. 7) . In fact, our data suggest that at least two of the 33-, 26-, and 25-kDa isoforms promote replication, as there was no defect detected when these isoforms were disrupted individually. In CD34
ϩ HPCs, disruption of the 23-and 19-kDa isoforms resulted in a loss of the latency phenotype, with increased frequencies of infectious centers occurring in cells prior to and following reactivation relative to the frequencies in the wild-type and parental viruses. Interestingly, the loss of latency phenotype was absent in UL136null myc virus infection, suggesting that other isoforms likely antagonize the suppressive action of the 23-and 19-kDa isoforms. The interplay of protein isoforms to control viral functions in an antagonistic fashion has also been shown in other herpesviruses (55, 62) . Further, we recently demonstrated an antagonistic relationship between two other UL133/8 proteins, where UL138 suppresses viral replication, while UL135 promotes viral replication in multiple cell types (27) . Together, our data suggest that the interplay of the pUL136 isoforms may function to balance virus replication in multiple cell types and ultimately contribute to the UL133/8 locus in influencing the outcome of infection. Further work is required to understand the context-dependent interplay between the UL136 protein isoforms.
